Due to the remarkable health benefits of celery (Apium graveolens), its consumption has increased over time. A partial substitution of NO 3 with NH 4 + is recommended to limit the accumulation of NO 3 in leafy vegetables. Hence, a factorial experiment with two factors, consisting of six treatments as combinations of three NH 4 :NO 3 ratios (0:100, 20:80 and 40:60) in nutrient solutions and two harvesting times (in the morning and in the evening), was conducted on celery plants in a soilless culture system. The results showed that 100% NO 3 as a sole N source significantly increased plant height, leaf number, chlorophyll, fresh weight, N, K, Ca, Mg, Fe, Mn, Zn, protein, dietary fibre, soluble sugars, nitrate, vitamin C, α-carotene, β-carotene and lutein of celery plants compared to either 80 or 60% NO 3 . However, this increase was not significant compared to 20% NH 4 :80% NO 3 in terms of leaf number, fresh yield, N, Mg, Mn, protein, soluble sugars, vitamin C and α-carotene. Harvesting in the evening significantly increased K, Mg, Fe, soluble sugars, α-carotene and β-carotene, and lowered the nitrate level in celery plants. In conclusion, partial replacement of 20% NO 3 -N with 20% NH 4 -N and evening harvesting are recommended for a greater fresh yield, higher quality, and lower nitrate level.
INTRODUCTION
Nitrogen (N) is required by plants in the greatest quantity because it plays an essential role in plant productivity, since it is a major part of chlorophylls, proteins, nucleic acids and enzymes, and plays an important role in cell division, photosynthesis and accumulation of organic matter in plant tissues (Marschner, 1995; Abdelhamid et al., 2003; Stewart et al., 2005; Krężel and Kołota, 2011) . Plants take up N in both anionic (NO 3 -) and cationic (NH 4 + ) forms. However, NO 3 is mostly preferred for maximum growth and development of leafy vegetable crops (Santamaria et al., 1997; Wang et al., 2009; Urlic et al., 2017) .
Up to a certain point, N fertilizer has a positive effect on plant productivity (Borowski and Michałek, 2008) . Increased N use is almost always associated with high nitrate accumulation, especially in leafy vegetables (Premuzic et al., 2004; Santamaria, 2006; Prasad and Chetty, 2008; Fallovo et al., 2009; Saleh et al., 2010) . The extra availability of nitrogen which is not tailored to plant requirements may reduce product quality through nitrate accumulation in the edible parts (Parente et al., 2006; Saleh, 2009; Liu et al., 2014) . Nitrate residues in leafy vegetables may have indirect negative effects on human health. Nitrate is relatively non-toxic to humans, but its metabolites may cause carcinogenesis (IPCS Inchem, 2003; Santamaria, 2006) . Because nitrate reduction results in nitrite in the human body, which can cause methaemoglobinaemia or act as a precursor in the endogenous formation of carcinogenic nitrosamines, an acceptable daily nitrate intake of 3.65 mg kg -1 body weight has been set by the World Health Organization (WHO, 2002) . Therefore, a 60 kg individual should not take in more than 219 mg NO 3 -, that is, he or she should not eat more than 100 g of a plant with an NO 3 content greater than 2190 mg/kg. Several factors affect nitrate accumulation in plants, such as the practice of fertilization (fertilizer application method and sources), light intensity and harvest timing, etc. (Reinink, 1991; Dejonckheere et al., 1994; Nicola et al., 2007; Zaki et al., 2012) . In general, the veruse of mineral fertilizers causes pollution of the environment due to excessive accumulation and leaching of harmful elements into the groundwater (Ju et al., 2007; Parks et al., 2008; Abdelhamid et al., 2011; Liu et al., 2014) . Consequently, nitrogen fertilization of vegetables must take into account not only agricultural economics, but also consumer preference and human health and environmental issues (FAO, 2002; Schenk, 2006; Ezzo et al., 2012; Saleh et al., 2016) . Consumers are now more concerned about their health and high quality of food products, which should be rich in vitamins and minerals as well as free of chemical residues and heavy metals. The problem is that an excess of consumed nitrate may cause harmful effects, especially in high-risk groups, such as children and people with specific metabolic diseases (Anjana et al., 2007) .
Celery (Apium graveolens), an Apiaceae family member, is an important herbal plant that has been grown since ancient times as a vegetable crop. Due to the scientific evidence of its remarkable health benefits, celery consumption has increased over time (El-Sayed et al., 2009; Shehata et al., 2010; El-Sayed et al., 2011; Kosterna et al., 2012) . Because of its high levels of antioxidant compounds, vitamins and essential minerals, the health benefits of celery are substantial. Celery is classified as a leafy vegetable with respect to its use, thus accumulating excessive amounts of nitrate compared to other vegetables (Blom-Zandstra, 1989; Santamaria et al., 1999) , which is the main quality index for leafy vegetables. The most obvious approach to nitrate reduction in leafy vegetables is to reduce nitrate availability to plants (Gent, 2003) . This parameter is therefore affected by the nitrogen fertilizer source with different NO 3 -N:NH 4 -N ratios (Nicola et al., 2007; Wang et al., 2009; Saadatian et al., 2014; Abbasi et al., 2017; Urlic et al., 2017) . Nitrate replacement with an ammonium fertilizer may lower plant tissue nitrate. Both NO 3 -N and NH 4 -N are used in nutrient solutions for hydroponics. The ratio of NO 3 -N to NH 4 -N is of great importance and can affect the growth and quality of plants (Anjana et al., 2007) . To achieve optimum growth and maximum quality, adequate nutrient supply is required.
The importance of celery in terms of its health benefits had led us to reduce nitrate concentration by partially replacing NO 3 -N with NH 4 -N and selecting appropriate harvesting time. The aim of this study was therefore to evaluate the productivity of celery plants and their quality under three NH 4 -N:NO 3 -N ratios in nutrient solution and two harvesting times in order to determine which ratio and harvesting time can lead to a high fresh yield accompanied by high product quality.
MATERIALS AND METHODS

Experimental procedures
The experiment was carried out in a greenhouse at the research station of Beijing Vegetable Research Center in Beijing, China, during the 2016/17 season. The maximum air temperature inside the greenhouse was 24°C, with a minimum night temperature of 14°C during the cultivation period. Relative humidity ranged from 60 to 65%.
Seeds of celery (Apium graveolens var. dulce; cv. Queen of France), produced by TÉZIER Seeds Company, France, were sown on July 4, 2016, into trays with 5 × 10 cells, using black peat and perlite at 2:1 as a substrate. Uniform seedlings were transplanted into cultivation troughs filled with 8 L of a perlite substrate (2 seedlings per each trough) on September 1, 2016. The distance between the two plants in a trough was 25 cm, and the spacing between the troughs was 40 cm.
Celery plants were fertigated with three full nutrient solutions containing the same essential macro-nutrients (in mg L -1 ) at 140 N, 40 P, 210 K, 200 Ca, 48 Mg and 64 S, as well as the same essential micro-nutrients (in mg L -1 ) at 5 Fe, 0.5 Mn, 0.5 Zn, 0.5 B, 0.02 Cu and 0.01 Mo. The ratio between NH 4 and NO 3 as a source of nitrogen varied in the nutrient solutions and was 0:100, 20:80 and 40:60, which correspond to 0, 2, and 4 mmol L -1 NH 4 -N, and 10, 8, and 6 mmol L -1 NO 3 -N, respectively, with 10 mmol L -1 total N for each treatment. NO 3 -N was applied as Ca(NO 3 ) 2 and KNO 3 , while NH 4 -N was applied as NH 4 Cl. At the end of the experiment, the celery plants were harvested at two different times of day, i.e., in the morning (7:00 a.m.), after complete darkness at night, and in the evening (6:00 p.m.), after having been fully exposed to daylight, on January 4, 2017.
The layout of the trial was that of a factorial experiment with two factors, replicated three times. The experiment consisted of six treatments as combinations of three NH 4 to NO 3 ratios and two harvesting times. The six treatments were: 1) NH 4 :NO 3 ratio of 0:100 with harvest in the morning (T1), 2) NH 4 :NO 3 ratio of 0:100 with harvest in the evening (T2), 3) NH 4 :NO 3 ratio of 20:80 with harvest in the morning (T3), 4) NH 4 :NO 3 ratio of 20:80 with harvest in the evening (T4), 5) NH 4 :NO 3 ratio of 40:60 with harvest in the morning (T5) and 6) NH 4 :NO 3 ratio of 40:60 with harvest in the evening (T6). Each sub-plot consisted of 15 troughs, containing 30 celery plants.
Measurements
The EC of nutrient solutions was 2.0-2.1 dS m -1 , and the pH was adjusted to 5.9-6.2 using H 3 PO 4 . The total nutrient solution of 300 ml per plant was added into each trough three times a day, at 8:00 a.m., 12:00 noon and 4:00 p.m. Celery plants were harvested manually when they had reached their marketing stage on January 4, 2017, which was 126 days after transplanting to be grown in nutrient solution. Representative samples of ten plants from each treatment were randomly selected in the morning (7:00 a.m.) and in the evening (6:00 p.m.). Plant height (cm), number of leaves per plant, fresh weight per plant (g) and total chlorophyll content (SPAD values measured with a digital Minolta Chlorophyll Meter SPAD-502) were recorded.
Chemical composition: Other representative samples of ten celery plants from each treatment were randomly selected for chemical analysis to determine the macronutrients: N, P, K, Ca and Mg, and the micronutrients: Fe, Mn, Zn and Cu, according to the ICP-AES method, NY/T 1653-2008. Other chemical constituents related to quality parameters, including protein (Kjeldahl method), fibre (total dietary fibre), titratable acid (alkali titration), total soluble sugars (anthrone colorimetry), nitrate (colorimetry), vitamin C (2,6-dichloroindophenol titration), α-carotene, β-carotene and lutein were determined according to Nielsen (2010) .
Statistical analysis
All data were subjected to an analysis of variance for a factorial experiment with two factors in a completely randomized design (Gomez and Gomez, 1984) , after testing for the homogeneity of error variances using Levene's test (1960) . Statistically significant differences among means were compared at p ≤ 0.05 using Duncan's multiple range test. The statistical analysis was carried out using GenStat 17 th Edition (VSN International Ltd, Hemel Hempstead, UK). Correlation coefficient r was calculated to determine the relation between fresh weight yield and each of the physiological and chemical traits. Hierarchical cluster analysis was performed on the standardized data using a measure of Euclidean distance and Ward's minimum variance method as outlined by Ward (1963) . Experimental data were also processed with a principal component analysis (PCA) using GenStat 17 th Edition (VSN International Ltd, Hemel Hempstead, UK) in order to evaluate the existing relationships with original variables.
RESULTS
Changes in celery growth
The effects of the three different NH 4 to NO 3 ratios (0:100, 20:80 and 40:60) and two harvesting times (in the morning and in the evening), and their interactions on plant height, leaf number, SPAD value, and fresh weight of celery plants are shown in Table 1 . The results showed that application of 100% NO 3 as a sole nitrogen source via nutrient solution significantly increased plant height, leaf number, SPAD value and fresh weight of celery plants. Significant gradual reductions in these traits were observed with decreasing NO 3 and increasing NH 4 . However, compared to 80% NO 3 , this reduction was not significant in leaf number and fresh weight (Tab. 1). There was no significant difference between harvesting celery plants in the morning and in the evening in terms of plant height, leaf number, SPAD value and fresh weight (Tab. 1). The interaction effects of the NH 4 :NO 3 ratios and harvesting times on plant height, leaf number, SPAD value and fresh weight of celery plants varied as shown in Table 1 . Application of 100% NO 3 as a sole nitrogen source produced the highest biomass fresh weight of celery plants harvested in the morning, while the lowest fresh weight of the biomass was produced with the nutrient solution containing 40% NH 4 -N plus 60% NO 3 -N and the plants harvested in the morning (Tab. 1). At the NH 4 :NO 3 ratio of 20:80, there was no significant difference between harvesting in the morning and harvesting in the evening for SPAD value and fresh weight yield.
Changes in celery chemical composition
The influence of the three NH 4 :NO 3 ratios (0:100, 20:80 and 40:60) and harvesting time (in the morning and in the evening) on the concentration of macroelements: N, P, K, Ca and Mg, and microelements: Fe, Mn, Zn and Cu in celery plants is presented in Table 2 . The results showed that application of 100% NO 3 as a sole nitrogen source via nutrient solution significantly increased the concentrations of N, K, Ca, Mg, Fe, Mn, Zn and Cu in celery plants compared to either 80% or 60% NO 3 . However, this increase was not significant compared to 80% NO 3 in terms of N, Mg and Mn (Tab. 2). Significant gradual reductions in these elements were observed with decreasing NO 3 and increasing NH 4 . Harvesting celery plants in the evening resulted in a significant increase in K, Mg and Fe compared to harvesting in the morning (Tab. 2). Regarding the interaction effects of the three NH 4 to NO 3 ratios and two harvesting times on the concentrations of elements, the differences among all of the six interaction combinations were statistically significant except for Cu (Tab. 2).
The application of 100% NO 3 as a sole nitrogen source produced the highest concentrations of N, Fe and Zn in celery plants harvested in the morning, and the highest K, Ca, Mg and Mn concentrations in celery plants harvested in the evening. At the NH 4 :NO 3 ratio of 20:80, the celery plants harvested in the morning contained more P compared to the other interaction combinations. By comparison, application of 40% NH 4 -N plus 60% NO 3 -N produced the lowest concentrations of N, Ca, Fe and Mn in the plants harvested in the morning, and the lowest concentrations of P, K, Mg and Zn in the plants harvested in the evening (Tab. 2).
Changes in celery nutritional composition
The effects of the three different NH 4 to NO 3 ratios (0:100, 20:80 and 40:60) and two harvesting times (in the morning and in the evening) and their interactions on protein, dietary fibre, titratable acidity, total soluble sugars, nitrate, vitamin C, α-carotene, β-carotene and lutein of celery plants are shown in Table 3 . The results showed that application of 100% NO 3 as a sole nitrogen source via nutrient solution increased significantly the levels of protein, dietary fibre, total soluble sugars, nitrate, vitamin C, α-carotene, β-carotene and lutein in celery plants compared to either 80 or 60% NO 3 . However, this increase was not significant compared to 80% NO 3 in terms of protein, total soluble sugars, vitamin C and α-carotene (Tab. 3). the three NH 4 to NO 3 ratios and two harvesting times on the nutritional parameters of celery plants, the differences among all of the six interaction combinations were statistically significant except for titratable acidity (Tab. 3). The application of 100% NO 3 as a sole nitrogen source combined with harvesting in the morning produced significantly the highest concentrations of protein, nitrate, vitamin C, β-carotene and lutein, while the highest amounts of dietary fibre, total soluble sugars and α-carotene were obtained with 100% NO 3 combined with harvesting in the evening. In contrast, the NH 4 :NO 3 ratio of 40:60 resulted in a significant reduction in protein, dietary fibre, total soluble sugars, α-carotene, β-carotene and lutein in celery plants harvested in the morning, and in a significant reduction in nitrate and vitamin C in celery plants harvested in the evening.
Correlation matrix
Pearson's correlation coefficients (below the diagonal) among all the studied attributes of celery plants at the three different NH 4 :NO 3 ratios and two harvesting times (in the morning and in the evening) are shown in Table 4 . There was strong correlation between fresh weight yield per plant and most of the other studied traits (plant height, leaf number, N, Ca, Mg, Fe, Mn, Zn, protein, dietary fibre, total soluble sugars, nitrate, vitamin C, α-carotene, β-carotene and lutein) (p ≤ 0.05 or p ≤ 0.01), which were highly positively correlated with one another in a linear way. There was also strong correlation between fresh weight yield and Cu (p ≤ 0.05), which were highly negatively correlated with each other in a linear way (Tab. 4). However, there was correlation, but not significant, between fresh weight yield and P, K and titratable acidity, which were positively correlated with one another in a linear way. There was also correlation between Cu and all the other studied traits (plant height, leaf number, N, P, K, Ca, Mg, Fe, Mn, Zn, protein, dietary fibre, titratable acidity, total soluble sugars, nitrate, vitamin C, α-carotene, β-carotene and lutein) (p ≤ 0.05 or non-significant), which were negatively correlated with one another in a linear way (Tab. 4).
Biplot graph
The biplot graph (Fig. 1) presents the relationships among the celery treatments using fresh weight yield and the other attributes studied. The biplot of the mean performance of the celery data explained 88.30% of the total variation of the standardized data. The first and second principal components (PC1 and PC2) explained 71.45% and 16.85%, respectively. This relatively high proportion reflects the complexity of the relationships among the treatments and the measured traits. The lines perpendicular to the polygon sides facilitate comparison between the neighbouring vertex treatments. It is obvious that T1 recorded high values of plant height, leaf number, fresh weight yield, N, P, K, Fe, Zn, protein, nitrate, vitamin C, β-carotene and lutein. Also, T2 scored the highest values of SPAD, K, Ca, Mg, Mn, dietary fibre, total soluble sugars and α-carotene. T3 recorded the highest values of P and titratable acidity. T5 scored the highest value of Cu, while T6 the lowest in terms of all measurements.
DISCUSSION
The current study revealed that celery plants, like many other leafy vegetables, prefer the NO 3 form of N (Tabs 1, 2 and 3) . The use of 100% NO 3 -N resulted in the highest growth characteristics, fresh weight and concentrations of elements, and more nitrate content, while the ratio of 40% NH 4 : 60% NO 3 produced the lowest growth characteristics, concentrations of essential nutrients, antioxidant compounds and fresh weight of celery plants (Tabs  1, 2 and 3) . Several earlier studies had reported progress in plant growth similar to that observed when NO 3 was the dominant source of N in the current study. In lettuce, for example, Urlic et al. (2017) reported that the yield of lettuce biomass increased as the concentration of NO 3 increased. In addition, Wang et al. (2009) had reported that spinach supplied with sole NO 3 -N had the highest biomass without noticeable weight differences between sole NO 3 -N and NH 4 :NO 3 ratio of 25:75. Furthermore, with 100% NO 3 -N, the growth of Swiss chard reached the highest value, and was inhibited by NH 4 + nutrition. However, the growth of both celery and fennel was significantly less affected by the N chemical form than the growth of Swiss chard (Santamaria et al., 1999) .
NO 3 supply combined with low NH 4 favours growth for most plant species (Mangel and Kirkby, 1987) . However, using NH 4 + as part of total N stimulates plant growth due to a higher CO 2 assimilation rate per leaf and photo energy saving (Guo et al., 2007) . It appears that assimilation of NH 4 + into plant metabolites requires less energy compared to that required for the assimilation of NO 3 because NH 4 + does not have to be reduced. However, in terms of their uptake, the two forms are not independent of each other, where NH 4 + can suppress NO 3 uptake, but not vice versa. The NH 4 + supply of 10-15% of total N is optimal for most crops grown hydroponically on inert substrates and should not exceed 25% of total N supply (Sonneveld, 2002) . However, Savvas et al. (2006) (Sonneveld, 2002; Savvas et al., 2003) . Using ammonium as the sole or primary source of N generally results in impaired plant growth and reduced yields (Guo et al., 2002) , and can have and intercellular toxic effect (Santamaria, 2006) . The concentrations of nitrate in plant leaves match the NO 3 -N proportion in the nutrient solution. For example, He et al. (2011) had previously reported the same pattern of increasing nitrate concentration in plant leaf following an increase in NO 3 in nutrient solution. As reported by several authors, leafy vegetables tend to accumulate nitrate in their leaves (Gent, 2003; Premuzic et al., 2004; Prasad and Chetty, 2008; Fallovo et al., 2009) . A partial substitution of NO 3 with NH 4 is recommended in order to limit the accumulation of NO 3 in leafy vegetables (Savvas et al., 2006) . Nitrate absorption is inhibited by ammonium if both forms of N are present in the source (Savvas et al., 2006; Britto and Kronzuker, 2013) . For example, supplying N in mixed form (NH 4 plus NO 3 ) reduced levels of nitrate in leafy vegetables such as spinach (Zhang et al., 1990) , endive (Santamaria et al., 1997) , rocket (Santamaria et al., 2001) , cabbage (Fallovo et al., 2009 ) and lettuce (He et al., 2011) . In addition, Urlic et al. (2017) reported a significant decrease in nitrate concentration as NH 4 concentrations increased in a red lettuce cultivar. However, Wang and Li (2003) had reported that there was no significant effect of ammonium fertilizer on nitrate concentration in spinach and cabbage.
It is well known that N is absorbed in both forms: NH 4 + and NO 3 -. The N form supplied directly affects the pH of the rhizosphere and the absorption of nutrients (Forde and Clarkson, 1999) . The addition of NH 4 + reduces the pH value in the root zone due to the uptake of NH 4 + cation, leading plants to release H + to maintain the lectrical neutrality of the plant, which results in a lower pH in the root environment (Sonneveld and Voogt, 2009 ). Further replacement of NO 3 with NH 4 + may reduce the uptake of important cations, such as K + , Ca 2+ and Mg 2+ , which can be explained by the competition between the NH 4 + cation and these essential plant development nutrients (Sonneveld and Voogt, 2009 ). The extent of these effects depends on several factors, such as plant type, growing conditions and nutrient solution adjustments made in the ionic balance. Therefore, it is recommended that NH 4 + be used cautiously, particularly for sensitive Ca deficiency crops. In our current study, the concentrations of K + and Ca 2+ in celery plants were reduced due to the replacement of NO 3 with NH 4 .
Another potentially important factor in product quality is the time of day for harvesting leafy vegetables. Although most of the growth traits and fresh yield of celery plants were not significantly affected by either harvesting time in our current study (Tab. 1), harvesting in the evening is preferred due to a higher product quality in terms of more K, Mg, Fe, total soluble sugars, α-carotene and β-carotene, and a much lower nitrate content (Tabs 2 and 3). Nitrate is reduced to ammonium and then the ammonium is incorporated into amino acids (mainly in the GS-GOGAT cycle), therefore, little nitrate accumulates in plants after exposure to full daylight, as leaves quickly convert nitrate into amino acids and protein (He et al., 2011) . Environmental conditions such as light intensity and fertilizer mode (sources and methods) affect the nitrate content of various vegetables. For example, under low growth irradiance (cloudy and hazy days) or exposure to complete darkness at night (morning harvest), this balance may be disrupted so that the roots take up nitrate faster than the plant can convert nitrate into protein (He et al., 2011) . Reduced nitrate reductase activity and nitrate accumulation are associated with low levels of light in leafy vegetables (Chadjaa et al., 1999) . Therefore, in order to prevent high accumulation of nitrate in leaves, it may be a good practice to remove nitrate from nutrient solution during cloudy days or to extend the growing period of the plant a few more days before harvest under full sunlight. Orsini and Pascale (2007) reported that 50% shading of basil plants resulted in higher leaf nitrate than under normal light. Important improvements in the shelf-life after harvest could be achieved by rescheduling the time of day for harvesting leafy vegetables (Clarkson, 2005) . Clarkson (2005) found that salad roquette and arugula had increased their shelf-life from 2 to 6 days after harvest, while lollo rosso lettuce and red chard had increased their shelf-life from 1 to 2 days after harvesting at the end of the day compared with early morning harvest. It has been shown that the post-harvest quality of lettuce cultivars is affected by harvest time (Moccia et al., 1998) , but the best time of day to harvest appears to be variable.
The biplot of the mean performance of the celery data explained 88.30% of the total variation of the standardized data. The first and two principal components (PC1 and PC2) explained 71.45% and 16.85%, respectively (Fig. 1) . This relatively high proportion reflects the complexity of the relationships among the treatments and the measured traits. Yan and Kang (2003) mentioned that the first two PC's should reflect more than 60% of the total variation in order to achieve the goodness of fit for biplot model.
CONCLUSIONS
To sum up the significant results obtained, there was strong correlation between fresh weight yield and most of the other studied traits, i.e. plant height, leaf number, N, Ca, Mg, Fe, Mn, Zn, protein, dietary fibre, total soluble sugars, nitrate, vitamin C, α-carotene, β-carotene and lutein. The use of 100% NO 3 as a sole nitrogen source significantly increased plant height, leaf number, chlorophyll, fresh weight, N, K, Ca, Mg, Fe, Mn, Zn, protein, dietary fibre, total soluble sugars, nitrate, vitamin C, α-carotene, β-carotene and lutein in celery plants compared to the use of either 80 or 60% NO 3 . However, this increase was not significant compared with the use of 20% NH 4 : 80% NO 3 in terms of leaf number, fresh yield, N, Mg, Mn, protein, soluble sugars, vitamin C and α-carotene. Harvesting in the evening significantly increased K, Mg, Fe, total soluble sugars, α-carotene and β-carotene, and lowered the nitrate content in celery plants. In conclusion, partial replacement of 20% NO 3 -N with 20% NH 4 -N and evening harvesting are recommended for a high fresh yield, high quality, and lower nitrate levels.
